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Abstract: Numerous medical devices have been applied for the treatment or alleviation of various diseases.
Tribological issues widely exist in those medical devices and play vital roles in determining their performance
and service life. In this review, the bio-tribological issues involved in commonly used medical devices are
identified, including artificial joints, fracture fixation devices, skin-related devices, dental restoration devices,
cardiovascular devices, and surgical instruments. The current understanding of the bio-tribological behavior
and mechanism involved in those devices is summarized. Recent advances in the improvement of tribological
properties are examined. Challenges and future developments for the prospective of bio-tribological performance
are highlighted.
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Introduction

Medical devices have been applied in our daily life
for various purposes, such as treatment or alleviation
of disease, alleviation of or compensation for injuries,
support of the anatomy, or a physiological process [1].
Its global market keeps increasing and reached about
$456.9 billion in 2019 [2]. Medical devices greatly
benefit patients by overcoming sickness and improving
life quality. However, they also present a significant
inherent potential for hazards. Thus, safety and effectiveness are always the most important considerations
before clinical application. When medical devices are
used, various interfaces are formed to fulfill particular
functions. Such as the articulating interface formed
between the femoral and the tibial insert components
of an artificial knee joint, the modular interface formed
between the head and neck components of an artificial
hip joint, the bone tissue–component interface of a
dental implant, the interface between artificial limbs
and skin, the interface between a stent and the vessel
* Corresponding author: Zhongmin JIN, E-mail: zmjin@swjtu.edu.cn

wall, and the interface between organ or tissue of the
human body and minimally invasive surgery (MIS)
devices. A large proportion of the medical devices’
failure is happening on those interfaces, such as the
excessive wear of the articulating interface of an artificial
joint, loosening and fretting of the implant-bone
interface. Thus, the interaction behavior of those
interfaces plays a vital role in the safety and effectiveness
of medical devices.
The science investigating interacting surfaces is
tribology. The term “bio-tribology”, introduced by
Dowson and Wright, is to investigate the interface
behavior and mechanism related to biological systems.
Numerous researches have been conducted to
investigate the bio-tribological behavior and mechanism
of medical devices. Jin et al. [3] reviewed the biotribological issue of selected medical devices. Xie
et al. [4] reviewed the bio-tribology of cardiovascular
devices. Dawson [5] reviewed bio-tribology with
particular emphasis on the development of lubrication.
Lanza et al. [6] reviewed the recent advances in the
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bio-tribology of dentistry. Sahoo et al. [7] reported
recent advances in the tribological implications of
various materials used in biomedical applications.
More recently, Meng et al. [8] reviewed the recent
advances of tribology, where the advances in the biotribology of joint, dental, and skin were summarized.
Existing investigations reviewed the current understanding of the bio-tribology of medical devices from
various points of view, and provide valuable information
on the understanding of the bio-tribological behavior
and mechanism. However, medical devices have a wide
range of applications, and their function principle and
mechanism vary a lot. In this review, the tribological
issues involved in medical devices are identified,
mainly focusing on the recent development up to
the last 15 years. The current understanding of the
tribological behavior and mechanism involved in the
commonly used devices is summarized, including
artificial joints, fracture fixation devices, skin-related
devices, dental restoration devices, cardiovascular
devices, and surgical instruments. Recent advances
in the improvement of tribological properties are
examined. Challenges and future developments for the
prospective of tribological performance are highlighted.

type documents, and records with publication year
before 2005. A total number of 6,747 records remained.
However, the keyword “wear” may also mean “have
something on one’s body”. About 3,000 records
were identified to be related to wearable devices
by additional keywords “wearable, wearing, wore,
bodywear, footwear, stockings, mask, head-mounted,
patient-worn”. Among those wearable records, only
55 records were kept by searching with keywords
“friction or lubrication or tribology”. Finally, 2,409
records remained and were analyzed in this review.
A classification of the records was conducted by
medical device types. A total of six types were identified,
including artificial joints, dental restoration devices,
surgical instruments, skin-related devices, and fracture
fixation devices, as shown in Fig. 1. A further
classification of the records was conducted by materials,
where four main biomaterials were identified including
metal, polymer, ceramic, and hydrogel, as shown in
Fig. 2. The bio-tribology of the medical devices was
reviewed with respect to the six individual medical
devices listed in Fig. 1.

2

3.1

Literature search

An initial literature search was conducted in Web of
Science on 20th October 2020, with the following
keywords: Topic = (medical device) and (tribology or
friction or wear or lubrication). A total record of 9,896
was found. We excluded non-English records, abstract-

3

Bio-tribology of artificial joints
Bio-tribological issues of artificial joints

There are about one billion osteoarthritis patients
worldwide, and quite a few of them may need a joint
replacement. Due to the aging population and the
expectation for a more active lifestyle, the demand
for joint replacement keeps increasing. Although

Fig. 1 A classification of the searched medical devices into six types including artificial joints, dental restoration devices, surgical
devices, cardiovascular devices, skin-related devices, and fracture fixation devices.
www.Springer.com/journal/40544 | Friction
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Fig. 2 The number of records in each of the four biomaterials including metal, polymer, ceramic, and hydrogel.

hip and knee replacement currently have the widest
application, and various artificial joint replacement
technologies have emerged for the development of
technology and the accumulation of clinical experience,
such as shoulders, elbows, wrists, ankles, fingers, toes,
and temporomandibular joints. Joint replacement
brings great convenience to the patients, and it has
potential risks, among which the tribological failure
is an important cause.
Typically, three types of interfaces exist on a typical
artificial joint, including the articulating interface, the
modular interface, and the fixation interface, as
shown in Fig. 3. Articulating interfaces provide relative
motion and load-bearing in daily activities. Wear and
wear particles due to sliding friction remain the major
cause of the revision of artificial hip and knee joints.
A joint is fixed either by press-fit (cementless fixation)
or by bone cement (cemented fixation). Aseptic
loosening caused by fixation failure is one of the most
important indications for revision, and it is especially
serious in younger patients [9]. Modular design is

Fig. 3 Illustrations of three interfaces of artificial joints and
corresponding tribological mechanism.

adopted to promote the application of artificial joints
for a wide range of patients. Different modular head
and neck combinations of an artificial hip joint can
not only restore different anatomical structures but
also optimize the biomechanical functions. However,
fretting corrosion often happens due to mechanically
assisted corrosion [10] and causes the failure of the
modular interfaces.
3.2

Research advances on the bio-tribology of
artificial joints

3.2.1 Articulating interface
The articulating interface is designed to provide
relative motion. The friction coefficient and wear
resistance are important considerations from the
perspective of long-term survivorship. However,
common complications (such as excessive wear, and
aseptic loosening caused by wear particles) due to
improper tribological design are the most important
factors affecting the performance and long-term
effectiveness of artificial joints. Thus, investigation
and improvement of the tribological performance
of the articulating surface have been one of the main
areas in the bio-tribology of artificial joints.
Despite various material combinations are used,
the articulating interface can be generally divided into
two types, the soft-on-hard, and the hard-on-hard
combinations. Due to the excellent tensile strength
and impact resistance, ultra-high molecular weight
polyethylene (UHMWPE) and its modifications are
widely used as the “soft” component. While the “hard”

| https://mc03.manuscriptcentral.com/friction
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component of an articulating pair often includes
cobalt-chromium alloys, titanium alloys, stainless steel,
alumina, zirconia, and zirconia toughened alumina
composite ceramics (ZTA). Since UHMWPE is much
softer, it is the major source of wear and wear particles.
Figure 4 shows several typical wear features observed
from a retrieved acetabular cup [11]. Various approaches
have been proposed to improve the wear resistance
of UHMWPE. Recent developments include highly
cross-linked UHMWPE, which provide substantially
improved wear resistance [12, 13]. The wear rate of
irradiated UHMWPE significantly decreased with an
increase in the cross-linking gamma irradiation. Also,
Vitamin E stabilization is found to protect against the
oxidation of cross-linked materials [14].
It’s worth noticing that the surface properties of the
hard counter-face are also important since its asperities
may scratch the soft surface. Various surface coatings
of the metallic counter-face are introduced to maintain
the low wear of the soft surface. However, the potential
long-term durability of the coatings needs further
examination [15]. Besides, the design parameters of
the articulating surface also play important roles in
determining its friction behavior. For example, a large
femoral head diameter leads to a larger contact area
and a longer sliding distance, which is a disadvantage

7
in terms of wear [16]. However, a larger femoral head
may also benefit from hydrodynamic lubrication.
Thus, the actual wear performance is a negotiation of
design parameters, lubrication, and surgical factors.
There are mainly two types of hard-on-hard combinations for artificial joints, the metal-on-metal, and
ceramic-on-ceramic. In vitro experiments indicate
that wear in a metal-on-metal articulation is very
low due to the improved hydrodynamic lubrication.
However, the wear of metal-on-metal is drastically
increased under adverse operating conditions due to
the breakdown of lubrication film. This is probably
the main reason leading to the clinical failure of
the device and the drastic reduction in clinical use.
Ceramic-on-ceramic has been widely used for artificial
knee joints. Compared with metal-on-metal joints,
ceramic-on-ceramic joints have higher hardness and
scratch resistance, thus it maintains a very low wear
rate [17]. However, squeaking, as one of the potential
complications, has been reported to happen range
from 0.5% [18] to 10% [19]. Although various factors
have been identified to contribute to squeaking, yet
the squeaking mechanism is still unclear. Thus, the
complete elimination of the squeaking in ceramic-onceramic joints remains a difficulty. Also, the risk of
fracture was reported to be an important concern of

Fig. 4 Illustration of different wear characteristics of UHMWPE acetabular cup. (a) Ripple; (b) crack; (c) crater; (d) delamination;
(e) multidirectional scratches; and (f) polished area (fine scratches). Reproduced with permission from Ref. [11], © Elsevier B V 2018.
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ceramic-on-ceramic joints. However, with the improved
design and manufacturing, the fracture risk of the
contemporary ceramic-on-ceramic joints is much lower
(0.001% to 0.021%) [17].
Researchers have been continuously exploring new
bearing surface materials to reduce friction and wear
of the articulating interface. Polyether-ether-ketone
(PEEK) has been extensively investigated as a potential
material to replace UHMWPE due to its prominent
biocompatibility, radiation permeability, and other
advantages. PEEK has been used in fusion and nonfusion spinal surgery [20–22], as well as semi-rigid
fixation [23]. Carbon-fiber-reinforced PEEK (CFR-PEEK)
and glass-fiber reinforced PEEK (GFR-PEEK) are demonstrated to have better wear resistance by various
experiments [24]. The short-term effectiveness of CFRPEEK as a bearing material for total hip replacement
has been validated by preliminary clinical data.
However, existing results don’t support the clinical
advantages of CFR-PEEK over well-established bearing
alternatives (such as HXLPE or ceramic acetabular
liners) in a traditional total hip design [25]. A new type
of polyethylene material, Ultra-low-wear polyethylene
(ULWPE), has been reported recently. It has a highly
linear structure, narrow molecular weight distribution, and almost no side chains. The wear testing
showed excellent wear properties when compared
with conventional UHMWPE (as shown in Fig. 5),
demonstrating great potential for joint replacement
applications [26].
3.2.2

Fixation interface

For a long time, fixation failure has been an important
cause of revision [27]. Artificial joints are mainly fixed

with bone cement or biological fixation. Cemented
fixation is realized by using fast-drying bone cement
to “glue” the prosthesis and the bone together. The
biological fixation is achieved by press-fit, and the
prosthesis is specially textured or fabricated in a porous
structure to allow bone ingrowth. The optimal fixation,
whether cemented fixation or cementless fixation, has
been an area of debate for decades.
Bone cement is widely used for its immediate fixation
and excellent survivorship. And this is especially true
for the knee joints. However, bone cement is prone to
interface fretting and fatigue wear, and bone cement
debris may cause osteolysis and aseptic loosening.
Thus, the long-term stability of the prosthesis-bone
interface remains difficult [28]. Due to the biological
activity or porous structure of the prosthesis, the
biological fixation theoretically provides the possibility
to form a safe and reliable long-term fixation, i.e. the
host bone grows into the surface or inside of the
prosthesis [29]. Because of the better press-fit conditions,
biological fixation has been widely used in hip
replacements. Uncemented hip joints reduce the prosthesis loosening rate to 1/4, which greatly reduces
the revision rate. Despite the excellent survivorship,
component long-term fixation remains a concern.
Aseptic loosening remains the most common indication
for revision [30]. Clinical problems such as sinking [31],
fibrous tissue wrapping, and even breakage of the
prosthesis were also observed [32, 33], as shown in
Fig. 6. Several bio-fixation prostheses of the world’s
leading companies have been recalled by the United
States Food and Drug Administration (US FDA).
Several important factors were reported to affect
the fixation stability of the interface. Due to the

Fig. 5 Comparison of the wear factor of the commonly used polymers for artificial joints applications. Wear factors obtained using
different polymer pins on (a) CoCr discs and (b) ZTA discs. Reproduced with permission from Ref. [26], © Elsevier B V 2020.
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the stiffness of the local host bone to reduce bone
resorption.
3.2.3 Modular interface

Fig. 6 Failure of tibial fixation. Anteroposterior radiographs of
the tibial collapse of (a) patient (a) and (b) patient (b). Reproduced
with permission from Ref. [31], © Elsevier Inc 2013.

difference in the mechanical properties of metal and
natural bone tissue, the strain difference on the interface
leads to stress concentration and micro-motion. Small
micro-motion allows bone tissue forming, while
excessive micro-motion causes the forming of fiber
[34]. An increase in the interface gap decreases periimplant tissue forming, bone-implant bind rate, and
fixation strength. In addition to the porous material,
various factors also play important roles in determining
the fixation of a cementless component, such as
stiffness, porous structure and topography, and keel
or peg design. Early cementless implants had poor
survivorship due to design flaws such as using sintered
beads or mesh coating, non-continuous fixation [35].
Various investigations have induced promising results
in modern cementless designs. The mechanical properties of the porous implant can be tailored to match

During daily activities, the articulating interfaces
bear three-dimensional dynamic motion and loading.
The frictional forces and moments of the articulating
interface are transmitted to the modular interfaces,
which leads to the fretting of the modular surfaces. In
combination with the presence of body fluids, the
modular interfaces undergo fretting wear and fretting
corrosion. Figure 7 shows typical fretting corrosion
damages of retrieved hip components. Similar
phenomena also exist in knee joints [36, 37], shoulder
joints [38], and spinal fixation using assemblies. It is
generally believed that fretting corrosion is widespread
in various artificial joints.
Modular-neck hips are reported to have a higher
revision rate compared to fixed stems [40, 41].
Corrosion and fretting at the taper interface have
been widely reported with metal-on-metal and metalon-polyethylene implants [42, 43]. Although the
taper corrosion mechanism is not fully understood,
a combination of electrochemical and mechanical
interactions is identified as important factors [44]. The
micromotion between the contact surfaces disrupts
the passivation layer, and the exposure of the bulk
metal leads to corrosion [45]. Also, crevice corrosion
may happen due to the spaces between modular
components [46].
Various factors have been related to greater corrosion
and/or fretting scores of the taper corrosion such as
the femoral head size, surface roughness, femoral

Fig. 7 Fretting corrosion of different grades of damage from retrieved hip components, including none (a), mild (b), moderate (c, d),
and severe (e). Reproduced with permission from Ref. [39], © Elsevier Inc 2019.
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head-femoral stem offset, and material combinations
[47]. Material combinations are one of the important
factors for fretting corrosion. Compared with others,
the combinations of CoCrMo or stainless steel with
titanium alloy have more serious fretting corrosion
[48]. The fretting corrosion is relatively light when the
ceramic ball head and titanium alloy femoral stem are
used. Compared with CoCrMo, the femoral stem using
low elastic modulus titanium alloy and ceramic ball
joint increases fretting corrosion. While the fretting
corrosion is reduced when the PEEK femoral stem is
used [49].
Surface coatings were also applied to reduce fretting
corrosion. Ceramic coatings have been considered to be
an effective approach by reducing galvanic corrosion.
However, early attempts failed due to fatigue and
delamination caused by their brittle property [50].
Recently, Haschke et al. [51] studied the micromotion
reduction effect by the ceramic coating of the taper
component, where SiNx coatings were assumed to
improve the corrosion resistance.
The design and manufacturing parameters of the
modular interface can also affect the fretting motion.
A large diameter of the metal-on-metal bearing surface
often results in more serious fretting corrosion [52].
The effects of taper shape on fretting corrosion were
studied by Tan et al. [53]. The results showed that the
fretting corrosion of a polyethylene/cobalt–chromium
alloy assembly with a diameter of 28 mm is much
more serious. Nassif et al. [54] studied the effects
of taper designs with different cone angles, slender
diameters, and contact lengths on fretting corrosion
for the metal-on-metal joints. The investigations show
that the taper length has a great influence on the
fretting corrosion, and the fretting corrosion increases
with an increase in the taper length [55]. However,
this result was not confirmed in the study of Higgs et
al. [56]. At the same time, researchers also found that
adapting different surface morphologies and textures
can enhance the fixation of the modular interface [57].
The greater the roughness of the cone, the more serious
the fretting corrosion [58]. Besides, the bearing surface
between the femoral head and the acetabular cup can
also affect the fretting corrosion at the modular
interface, and the friction torque at the bearing surface
plays an important role in this process. Under adverse

conditions, metal-on-metal bearing surfaces with large
diameters can produce a high coefficient of friction,
leading to severe fretting corrosion [3, 52]. The weight
of the patient can directly affect the fretting corrosion
damage at the cone neck assembly [56]. Female
patients were identified as a high-risk factor for joint
reduction [59], which may be caused by the smaller
size of the implant in female patients.
3.3 Challenges and future work
The in vivo condition after joint replacement determines
the loading of the joint interfaces, thus determining
the tribological behavior. However, there are still
technical difficulties in the accurate characterization
of the in vivo biomechanics of artificial joints. Also, it
is often contradictory to satisfy both biomechanical and
tribological functions simultaneously. For example, a
larger range of motion or better stability may present
the interface in worse tribological conditions. Besides,
existing investigations of artificial joints focus solely
on articular interface wear or fixation stability. Very
few studies have considered the coupling effect of
the articulating interface and the fixation interface.
Furthermore, numerous preliminary experimental
results support the clinic application of new materials
and coatings. However, their clinical performance
needs further validation.

4
4.1

Bio-tribology of fracture fixation devices
Bio-tribological issues of fracture fixation devices

Bone fracture is a very common body injury. There
are millions of fractures worldwide per year, with a
global market of $5.5 billion [60]. When a bone is
broken, a “reduction” orthopedic surgeon is performed
to re-set the bone, where various constructs are used
for fracture fixation, as shown in Fig. 8. A detailed
summary of fracture fixation devices was conducted
based on different fracture sites, as shown in Table 1
[61]. Stainless steel, titanium alloys, cobalt-chromium
alloys, and NiTi shape-memory alloys are widely
used in fracture fixation devices [61]. The interface
between the screw and the screw hole of the bone
plate produces micro-action, which promotes fretting
wear [62]. Also, the screw hole is the weakest link of
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generation of fatigue cracks and causes fatigue damage
to the bone plates. Due to the in vivo condition, the
synthetic effect of corrosion and fretting may result
in unstable and fracture of the constructs. Also, since
bone plates are in direct contact with cortical bones,
the tribological performance of the bone-fixation
plates is of importance for the minimization of wear
debris and ion release, which causes inflammation
and potentially carcinogenic effects [63].
4.2

Fig. 8 Common medical devices used for fracture internal
fixation. (a) The bone plate used for the fixation of the ulnar fracture; (b) intramedullary nail used for the fixation of tibial fracture;
(c) K-wire used for the fixation of the phalangeal fracture; and (d)
screws used for the fixation of a femoral neck fracture. Reproduced
with permission from Ref. [61], © Elsevier B V 2020.

the bone plate. Fatigue fracture often occurs under
cycling loading. The micro-motion accelerates the
Table 1

Research advances on the bio-tribology of
fracture fixation devices

The abrasion and corrosion often happen on the joint
surface of the screw and the bone plate. The analysis
of the clinically broken 316L bone plate also showed
serious damage by fretting corrosion. Bartolomeu
et al. [64] compared the mechanical and tribological
behavior of Ti6Al4V by different processing routes,
including conventional casting, hot pressing, and
selective laser melting. Their results indicate that
selective laser melting produces the highest hardness
and wear resistance due to a significantly different
microstructure. The in vivo environment of the bonefixation plate interface presents a variety of biological
species such as proteins and reactive oxygen species.
Those biological species play important roles in
determining the fretting corrosion behavior. Zhang

Summary of fracture fixation devices. Reproduced with permission from Ref. [61], © Elsevier B V 2020.
Fracture site

Head

Trunk

Upper limb
fracture

Lower limb
fracture

Internal fixator

Skull fracture

Wires, pins, and plates

Craniofacial fracture

Wires, screws, and plates

Clavicle fracture

Intramedullary nail and plates

Scapular fracture

Screws and plates

Pelvic fracture

Screws, plates, and external fixators

Spinal fracture

The fixation device consists of rods, pedicle screws, and plates

Humeral fracture

Open reduction with plate and screws/close reduction with an intramedullary nail

Radius, ulnar fracture

Open reduction with plate and screws/close reduction with an intramedullary nail

Metacarpal and phalangeal
fracture

Close reduction with external fixators, open reduction with intramedullary nail,
screws, and plates

Femoral fracture

Open reduction with plate and screws/close reduction with an intramedullary nail

Tibial and fibular fracture

Open reduction with plate and screws and intramedullary nail

Metatarsus fracture

Open reduction with plate and screws and intramedullary nail

Calcaneal fracture

Close reduction and fixation with screws or wires

www.Springer.com/journal/40544 | Friction
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et al. [65] investigated the corrosion behavior of
Ti6Al4V in physiological saline with emphasis on the
effect of albumin and H2O2. Their results demonstrate
that, in the presence of H2O2 in physiology saline,
albumin suppresses dissolution at short times (< 24 h)
but significantly accelerates corrosion over a longer
time (120 h), which is attributed to the thinner oxide
film resulted from the albumin-catalyzed dissolution
of the corrosion product layer. In addition, the
titanium ion release rate is found to be higher at
a lower potential. Wang et al. [66] investigated
the sliding frictional behaviors of Ti–6Al–4V plates
and bovine cortical bone in various bio-lubricants,
including physiological saline, simulated body fluids,
and fetal bovine serum. They found that the friction
pair lubricated by fetal bovine serum shows the largest
friction coefficient and wear rate. The presence of the
bio-lubricants induces corrosion wear, and the bone
wear rate increases with an increase in sliding velocities
and normal loads. Various coatings have also been
applied to improve the tribological properties of
bone plates [67, 68]. Attabi et al. [69] evaluated the
tribological behavior of ion nitriding treated Ti6Al4V
alloy. Their result indicates that the microhardness is
greatly improved and the coefficient of friction was
decreased. Wang et al. [70] investigated the wear
behavior of the Ti6Al4V bone plate coated with TiO2
nanotubes. Their results demonstrate that the friction
coefficient and wear volume were reduced by the
coatings, which is attributed to the improvement of
the lubrication due to the lower elasticity and higher
hydrophilicity. In addition, topology optimization is
also an important approach to reduce fretting wear
by minimizing the equivalent stiffness of the fixation
plates [71]. More recently, Al-Tamimi et al. [63]
conducted topology optimization to improve the
mechanical, biological, and tribological behavior of
fixation plates. Their results demonstrate that significant
improvement of biological performance was obtained
with acceptable wear resistance.
4.3 Challenges and future work
Tribological issues widely exist in fraction fixation
components, where several important interactions
are involved including biomechanical effects, electrochemical effects, and tribological effects. However,

the scope of the research in the area is very limited.
Due to the complexity of the in vivo environment, the
coupling mechanism hasn’t been clearly revealed. In
vitro experimental investigations on the improvement
of material mechanical and tribological performance
have proven to be effective. However, in vivo
biomechanical environments of fracture constructs
need to be further considered.

5
5.1

Bio-tribology of skin-related devices
Bio-tribological issues of skin-related devices

Human skin is composed of multi-layers including
epidermis, dermis, and hypodermis. Each of the layers
is subdivided into different components [72]. Under
undesired or excessive loading, a pressure ulcer may
occur. A pressure ulcer or pressure sore is a localized
injury to the skin and/or underlying tissue under
sustained mechanical loading [73]. It is generally
observed over a bony prominence in patients with
reduced mobility as well as amputees wearing a
prosthesis. In particular, about 75% of those amputees
wearing lower-limb prostheses encounter pressure
ulcers [74]. Although pressure ulcer is commonly
observed, the exact cause and mechanism are still
unclear since little work has investigated the skin–
device interface [75].
5.2

Research advances on the bio-tribology of
pressure ulcer

A typical pressure ulcer is considered to be caused by
normal and/or shear pressure to the skin. The grade I
or II pressure ulcer is considered due to interface
shear stress, while the grade III or IV may result
from large tissue deformation by normal pressure.
Mechanical loading can cause serial changes of local
skin tissue such as local ischemia, reperfusion injury,
continuous cell deformation, lymphatic drainage,
and finally causes tissue damage and pressure ulcer
to happen. Generally, sustained pressure loading may
cause cytoskeletal structure stress and cell deformation,
as well as reduce tissue perfusion and lymphatic flow.
Reduced perfusion induces a deficit of nutrients and
an accumulation of metabolic wastes. In combination
with reduced perfusion, progressive tissue damage
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Friction 10(1): 4–30 (2022)
may finally happen, as shown in Fig. 9.
The mechanism of the mechanical loading-induced
pathophysiological response related to tissue damage
remains unclear. Studies on the main factors that affect
pressure ulcers can be divided into several aspects
such as normal pressure loading, shear loading, the
surface roughness of the device interface, and microclimate. Pressure ulcer by its name advises that
normal pressure is a dominating factor. However,
shear loading is also identified as an important factor
which accelerates the formation of pressure ulcer.
Shear loading is mainly determined by the friction
coefficient of device material properties, environmental
conditions, and normal load. Existing studies also
found that the expression of the IL-1α cytokine exists
a shear stress threshold. An increased expression of
the IL-1α cytokine was observed with an increase in
shear stress above the threshold. Thus, patients with
high friction devices might be easier to develop
pressure ulcers. Although the threshold may vary
from one to another, investigations by Klaassen [74]
indicate that shear stress smaller than 1.2 kPa and
pressure smaller than 2.4 kPa didn’t increase the
concentration of the IL-1α cytokine. Such loading
might be considered safe for prolonged periods of
loading.

13
The effects of micro-climate and surface roughness
are also important factors which influence pressure
ulcer by determining the interface friction. The
friction coefficient is often lower at lower humidifies,
and an increase in humidity causes an immediate
increase in the friction coefficient. Skin hydration
may be responsible for the interpersonal differences
observed in the skin–device friction. Surface roughness
is another important factor in determining surface
friction. It has a significant influence on the development
of pressure ulcers. In the investigations on typical
medical device materials such as silicone materials, a
minimum coefficient of friction was observed at the
Ra roughness of 4 μm of the silicone surfaces against
an artificial skin [77]. The interface shear stress might
be minimized for alleviating or even preventing
pressure ulcers.
Strategies to alleviate pressure ulcers are mainly to
reduce mechanical loading, especially surface friction.
To reduce the skin–device friction, a serial of factors
is often considered, such as different materials, surface
roughness, and humidity. Using different materials
may be effective for pressure ulcer prevention. For
example, foam alternatives were found to be more
effective than the standard foam mattress in reducing
the incidence of pressure ulcers [78]. Synthetic fibers

Fig. 9 Different stages of pressure ulcer. (a) Nonblanchable erythema of intact skin; (b) partial-thickness skin loss; (c) full-thickness
skin loss; (d) full-thickness skin and tissue loss; (e) unstageable pressure injury; and (f) deep tissue pressure injury. Reproduced with
permission from Ref. [76], © Elsevier B V 2019.
www.Springer.com/journal/40544 | Friction
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were found to be effective in reducing friction
coefficient [79].
5.3 Challenges and future developments
Although effective measures have been proposed
to reduce pressure-induced skin damage and ulcer,
the contributions of different measures and their
mechanism need further investigation. To prevent
pressure ulcers, a thorough understanding of the
skin–device interaction mechanism is required. An
obvious measure is to reduce friction to a safe level.
However, the friction coefficient cannot be minimized
to zero in some cases. Instead, minimal friction is
required to stay stable, such as keeping a patient
to be sited in an elevated back position. The microenvironment such as humidity and temperature plays
important role in the development of the pressure
ulcer for the prosthetic socket–stump interface. Future
work is expected to further investigate interpersonal
differences in the threshold of the combined results
of normal and shear pressure under various microenvironment conditions.

6
6.1

Bio-tribology of dental restoration devices
Bio-tribological issues of dental restoration
devices

More and more tribological investigations are
conducted on dentistry due to its quick growth and
expansion. Based on different applications, the dental
restoration tribology is divided into two areas, the

tooth restoration tribology, and dental implant tribology,
as shown in Fig. 10. The tooth restoration material is
expected to have proper wear resistance. On the one
hand, it doesn’t wear out during long-term chewing.
On the other hand, it is also expected not to wear
out its counterpart (natural or restored tooth) during
long-term chewing. For a dental implant, fretting
corrosion of the modular interface and the fixation
stability of the bone–implant interface are the main
tribological considerations.
6.2

Research advances on the bio-tribology of
dental restoration devices

6.2.1

Tooth restoration devices

The teeth are exposed to a significant amount of wear
during chewing. Thus, the wear resistance of a dental
restoration material is of importance. Various types
of materials have been used for tooth restoration,
including metals and their alloys, polymers, ceramics,
and composite-based materials [81].
Since aesthetics is an important consideration of
dental restoration, metal and its alloys became
depreciated over the years due to their unpleasant
color. Only a limited amount of amalgam filling is
used as dental restoration materials. The majority of
the metals and alloy dental materials are used as
orthodontic appliances and dental implants. Polymeric
materials are also used for dental restoration, but
often demonstrate a high wear rate and poor gloss
retention [82]. Dental ceramics are composed of
crystalline and glassy phases [83], and their mechanical

Fig. 10 Dental restoration devices. (a) Tooth restoration and (b) dental implant. Reproduced with permission from Ref. [80]. Reproduced
with permission from Ref. [80], © The Authors 2020.
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and tribological properties are closely related to the
composition of these two phases. Dental ceramics not
only have an appearance close to the natural teeth
but also have excellent wear resistance. Thus, they
are widely used as restoration materials. One of the
disadvantages of dental ceramics is their brittle
property, which may cause the failure of the restoration.
Compared with natural teeth, the wear resistance of
dental ceramics is often higher, which may result in
the extensive wear of the opposing occlusal surface of
the natural tooth.
Resin-based dental composites consist of organic
filler particles (such as Zirconia, borosilicate glass,
quartz, and alumina, etc.) in organic monomers such
as Bis-GMA (Bisphenol A-glycidyl methacrylate),
TEGDMA (Triethylene glycol dimethacrylate), UDMA
(Urethane dimethacrylate), HEMA (2-Hydroxyethyl
methacrylate), and Bis-EMA (Ethoxylated bisphenolA-dimethacrylate) [84–87]. Materials as such are very
close to the characteristics of natural teeth and are
frequently employed to restore cavities and replace
decayed tooth tissues [88]. Unlike dental ceramics,
composite-based materials can be placed through a
direct technique, which greatly improves clinical
efficiency [89]. Early resin composites demonstrate a
high wear rate, since they contain large filler particles.
Currently, the wear resistance has been significantly
improved by introducing micro/nano-hybrid composites [90]. Kumar et al. [91] studied the wear
behavior of Bis-GMA/TEGDMA based composite
with different weight fractions of silane-treated nano
zirconia particles. Compared with other dental composites, their dental composite filled with 3 wt% of
nano zirconia filler exhibited maximum hardness,
minimum wear rate, and outstanding wear resistance.
Chadda et al. [92] investigated the fracture toughness
and wear behavior of hydroxyapatite and silica/
hydroxyapatite-filled Bis-GMA/TEGDMA composite.
The composites with the lowest filler content (20 wt%)
demonstrate enhanced fracture toughness and
moderate wear resistance, and the composites with
30 wt%–40 wt% of filler content exhibit maximum
wear resistance.
Ceramic-polymer composites (hybrid ceramics)
have both excellent properties of polymers and
ceramics, such as high elasticity and ductility, strength,
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improved translucency, color retention, and wear
resistance. The wear resistance of these materials is
equivalent to that of feldspar porcelain and glassceramics [93]. Polymer infiltrated ceramic network
(PICN) materials provide enhanced mechanical
properties and excellent wear resistance. Xu et al. [94]
investigated the wear behavior and mechanism of
a PICN material (commercial ENAMIC). They found
the ENAMIC has a similar Vickers hardness but
lower Young’s modulus than tooth enamel. Also, the
ENAMIC exhibits a similar wear damage mode to
tooth enamel but has lower wear resistance. Yu et al.
[95] studied the effect of acidic agents on the wear
behavior of a PICN material (Vita Enamic, Vita
Zahnfabrik, Bad Sackingen, Germany). Specimens
were immersed into different solutions for 4 weeks,
including deionized water, 2 wt% citric acidic solution,
2 wt% astringent solutions, and 2 wt% lactic acidic
solutions. Reciprocating wear tests were performed
under artificial saliva. Their results demonstrate
that the acidic environment has limited degradation
of the PICN. Although acid erosion demonstrated a
significant effect on the initial wear behavior of the
PICN, no obvious effect on the long-term wear property
was observed.
6.2.2

Dental implants

Implants provide a strong foundation for fixed or
removable replacement teeth that are made to match
natural teeth. There are many advantages to dental
implants, including improved appearance, durability,
and convenience. However, there are still many failed
clinical cases. The possible causes are interface fretting
and corrosion [96, 97]. Although they are difficult to
detect, they directly affect the bone ingrowth at the
initial stage of implantation and the long-term lifetime
of the dental implant [98].
Fretting occurs at the dental implant/bone interface
due to the mastication forces. The micro-motion
amplitude of the implant needs to be less than a certain
threshold to ensure osseointegration. Micro-motions
of the implant less than 50 to 150 μm are optimal for
osseointegration and stability [99]. It is believed that
with the development of implantation technology,
the simple and uniform upper limit of micromotion
amplitude will be replaced by personalized micromotion
www.Springer.com/journal/40544 | Friction
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amplitude thresholds, which will be effective by the
parameters such as implant materials, surface treatment,
and superstructure design.
Pure titanium and its alloy (CP–Ti) are widely used
as dental implant materials [100–102]. Compared with
conventional dental alloys, however, the tribological
properties of CP–Ti are poor, although the wear
resistance can be improved by alloying [103, 104].
Toxic elements (such as Al and V) are released due
to tribo-corrosion. Besides, the elastic modulus of
titanium and its alloy is still higher than that of the
elastic model of the normal bone, and the stress
shielding problem is still prominent. Different alloying
elements were selected to improve the tribological
properties of CP–Ti. Researchers found that β and
near-β titanium alloys can reduce elastic modulus,
but the elastic modulus is still much higher than
that of the human bone [105, 106]. In addition to
the usage of alloying elements to improve the wear
characteristics, surface modification could also be
performed on the implant surface, such as sandblasting
[107], etching [108], anodic oxidation [109], and
plasma-spraying [110]. The ultrafine-grain pure
titanium (UFG-Ti) after sandblasting and acid-etching
(SLA) has a hierarchical porous structure on its
surface, which exhibits excellent wettability. UFG-Ti has
a refined particle size, excellent mechanical properties,
and excellent biocompatibility, and has the potential
to be used in dental implant materials [111, 112].
PEEK was coated on Ti–6Al–4V due to its higher
mechanical properties and wear resistance, which can
be used to improve the biocompatibility and wear
resistance of the implant [113].
Recently, porous material has been used for dental
implants [114]. Porosity effectively improves the
coefficient of friction between the implants and
surrounding tissues. At the same time, the porosity
design can achieve bone ingrowth and osseointegration,
which promotes long-term stability [115]. The pore
size, shape, and porosity will directly affect the rigid
combination of the implant and the new bone tissue.
Compared with porous titanium, porous tantalum has
better biocompatibility [116]. By surface modification
of porous tantalum, the biological activity of porous
tantalum can be improved to achieve faster bone
ingrowth and more stable bone integration [117].

6.3 Challenges and future work
Although the clinical outcomes of dental restoration
have been considerably improved due to the improvement of the tribological properties of dental materials,
there are still many challenges. Most in vitro studies
mainly focus on studying the wear properties of
various dental materials. Its long-term in vivo wear
mechanism has not been clearly revealed. The lack of
research on the wear mechanism of materials may be
one of the main obstacles hindering the development
of dental materials.
Porous materials have been confirmed to have a
larger friction coefficient, and facilitate cell attachment
and bone ingrowth. However, how to shorten the
time of bone ingrowth and osseointegration through
the design of the porous structure (porosity, pore
size, etc.) and modification of the porous surface still
needs further investigation. The effects of oral microbial
environments on porous implants also need to be
explored in depth.

7 Bio-tribology of cardiovascular devices
7.1

Bio-tribological issues of cardiovascular devices

Cardiovascular disease is the leading cause of
mortality in the world among non-communicable
diseases. Typical cardiovascular disease includes heart
valve disease, vascular disease, and coronary artery
disease. Various devices are used for cardiovascular
diseases, such as heart valves, heart assist devices, and
stents. Advances in those devices greatly improved
cardiovascular disease therapy during the last
several decades. However, tribological problems of
cardiovascular devices may cause serious complications
(such as hemolysis and thrombus formation) and even
failure of the device. Due to the existence of moving
components, mechanical wear and friction exist in
mechanical heart valves and ventricular assist devices
(VAD). The blood flow generates fluid friction on
the device–blood interface. This interface should be
designed to avoid any blood damage and allow
sufficient washouts. In addition, tribology is highly
relevant for stents and catheters, since contact with
vessels is part of their function. Catheters inevitably
interact with vessel walls and may damage the
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endothelium. The deployment of a stent may cause
tissue damage. After deployment, the stent migration,
due to the unbalanced ratio of friction to hemodynamic
force, maybe a major concern.
7.2

Research advances on the bio-tribology of
cardiovascular devices

Mechanical friction and wear have always been
important research interests for various mechanical
heart valves [118]. Wear and friction often occur in
the hinge region of a bileaflet, between the occluder
and the ring or struts in a titling-disc, between the
ball and cage in a cage-ball valve [119]. Excessive
wear may cause the leaflet to escape or strut fracture,
and finally result in the failure of mechanical heart
valves. A tribology-related leaflet escape was reported
by Zhang et al. [120] in a low profile bileaflet mechanical
prosthesis, where excessive wear of the leaflet outflow
edge was identified.
Various ventricular assist devices are designed to
assist the heart function, including pulsatile pumps
and rotary pumps. Various bearing systems are used
in ventricular assist devices such as rolling element
bearings, pivot bearings [121, 122], and journal bearings.
Friction pairs in rolling element bearings don’t have
direct contact with blood. However, friction heat
generation may cause hemolysis in the sealed ball
bearings system. Besides, a shaft seal is required
to prevent blood from penetrating bearing voids,
resulting in bearing seizure. A pivot bearing is often
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immersed into the blood and is operated under
boundary lubrication. Thus, it is required to maintain
an adequate blood fluid film to provide sufficient
washout. Due to the existence of the fluid shear stress,
however, hemolysis may also occur in the blood fluid
film [122]. Journal bearings have less wear, but another
thrust bearing is often further required which brings
complexity. A typical journal bearing uses a blood
saline solution to support loads. If a saline solution is
used as the bearing fluid, a reservoir and flow cycling
line are further required. If the blood is used as the
bearing fluid, potential pump seizure by coagulated
blood must be carefully considered. Sundareswaran
et al. [121] investigated the wear rate of a ball bearing
wear by the geometric profile variation obtained by a
surface profilometer. The typical bearing wear rate
was obtained to be less than 1.46 μm/yr. Recently,
Da Silva et al. [123] studied the long-term use of the
apical aortic blood pump by wear reduction of the
bearing components. Their durability test indicates
that wear in the lower bearing pivot causes device
failure. And a direct correlation between load and
wear at the lower bearing pivot was obtained. During
the stenting process, as illustrated in Fig. 11 [124],
friction at the interface between the stent and blood
vessel plays an important role. Endothelium damage
is an important cause of the failure by restenosis. The
re-reendothelised tissue is often dysfunctional, which
may promote in-stent thrombosis and restenosis [125].
After deployment, stent migration and corrosion have

Fig. 11 Illustration of the stenting process. (a) Delivery of catheter and balloon catheter with the stent; (b) the stent is positioned;
(c) widening of the stent; (d) deflation of the balloon catheter; (e) forces acting on the stent; and (f) the detailed view of the stent strut.
Reproduced with permission from Ref. [124], © Elsevier B V 2021.
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been reported to be related to the blood fluid friction
[126, 127]. Chen et al. [128] investigated the friction
between aortic stent-grafts against porcine aorta,
polydimethylsiloxane (PDMS), and polyvinyl alcohol
(PVA) cryogels. An average friction coefficient of
0.0328–0.0540 for a material pairing of porcine aorta/
stent graft sheath was reported. McGee et al. [129]
investigated the effect of calcification on tissue–stent
interaction. Their results demonstrate that the friction
coefficient is significantly increased by calcification
from 0.09 ± 0.05 up to 0.35 ± 0.015. The increasing in
the friction coefficient may decrease the stent migration.
In addition, in cases such as long or recurrent lesions,
two or more stents are required to be deployed. Thus,
fretting wearing may occur in the overlapping area of
the stents [130].
In the context of the catheter, the frictional interaction
between the surfaces on a cellular level should be
minimized. Various approaches to lower catheter
friction have been proposed such as polymer coating
materials, hydrogel coatings, and polymerization. Weiss
et al. [131] explored the bio-tribological behavior of
short peripheral catheter thrombophlebitis by modeling
catheter–vein contact. They revealed that the maximal
pressure acted on the vein wall was inhomogeneously
distributed, while the bending region was subjected
to large deformation and pressure. A potential biomechanical damage pathway was proposed to
explain the reoccurrence of short peripheral catheter
thrombophlebitis. More recently, Lin et al. [132] studied
the tribological behavior of cardiovascular catheters
coated with layer-by-layer poly-l-lysine and hyaluronan.
Their results demonstrate that poly-l-lysine and
hyaluronan coating maintained low friction and prevented wear of endothelial glycocalyx layer. Takahashi
et al. [133] studied the effectiveness of preventing
peripheral intravenous catheter failure by reducing
the mechanical interaction between intravenous
catheters and vessels. Their results indicate that the
risk of catheter failure can be lowered by reducing
the interaction.

to the difficulties of the in vivo visualization and
measurement, the in vivo performance hasn't been
clearly understood. Future development is expected
to construct computational or experimental work that
reflects the in vivo behavior. In combination with
material and structure optimization of those devices,
service performance and life are thus improved. Also,
cardiovascular devices may directly interact with
blood. Blood lubrication and anticoagulation are also
important issues worth noting. Unfortunately, current
understandings of the blood lubrication dynamics
and biological behavior of blood cells are very limited.
Thus, future work is expected to investigate the
dynamic interaction between blood cells and device
surfaces.

8
8.1

Bio-tribology of minimally invasive
surgical devices
Bio-tribological issues of minimally invasive
surgical devices

In recent years, MISs, such as various endoscopic
surgeries, are commonly found in medical operations.
Tribological problems are accompanied such as needle
insertion into a soft tissue, device-tissue interactions,
and endoscope-tissue interactions. Due to the existence
of the friction and tribological problems between
tissue and surgical instruments, it brings difficulties
to be able to control the position and force with high
precision [134]. There are several factors for the accurate
conduction of an MIS, such as needle insertion,
grasp, haptic feedback, and transmission hysteresis
(by tendon-sheath, cam pulley, etc.). However, the
hysteresis is considered a transmission error, which
is beyond the scope of bio-tribology and is not
discussed here. Only the device–tissue interactions
are reviewed.
8.2

Research advances on the tribology of minimally
invasive surgical devices

7.3 Challenges and future work

8.2.1 Needle–tissue interaction

The research on the bio-tribology of cardiovascular
devices is of importance for the prospective of
better performance and reliability. However, due

Needle insertion is a commonly performed procedure
in various MISs. Friction is an important factor
influencing the accuracy of needle insertion. Most
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studies confirm that any increase in the insertion force
increases the damage to the tissue. Especially for the
brain tissue, even minor damage can cause a longlasting traumatic brain injury. Therefore the medical
community has a great demand for innovative
minimally invasive needles [135]. A typical needle
insertion has four steps, as illustrated in Fig. 12,
including 1) the needle tip touches the tissue surface
without penetration, 2) the needle penetrates the
tissue, 3) the needle holds its position relative to the
tissue, and 4) the needle retreats from the tissue [136].
The tribological behavior of needle insertion is of
importance in terms of needle placement and path
planning.
A large number of researchers have conducted
theoretical and experimental analyses on the interaction
between the needle and the soft tissue during needle
puncture [137–145]. Okamura et al. [146] proposed an
empirical puncture force model, which divided the
puncture force into three parts, including stiffness
force, friction force, cutting force. They also presented
methodologies for the measurement of stiffness,
friction, cutting forces, and needle geometry effects
[146]. Asadian et al. [147] uses a modified LuGre
nonlinear model to simulate the acupuncture force.
It captures all stages of needle–tissue interaction
including puncture, cutting, and friction forces.
Associated parameters were also adaptively identified.
Roesthuis et al. [148] used a mechanical model to
predict the amount of needle deflection for a beveltipped needle inserted into soft tissue. Gao et al. [136]
developed a novel algorithm based on an improved
local constraint method to simulate the needle–tissue
interaction. The needle–tissue forces are assigned
to the nodes of both the needle and soft tissue with
modified local constraints, which makes the iterative

Fig. 12 Four steps of typical needle insertion. (a) Needle tip
touches the tissue surface without penetration; (b) needle penetrates
the tissue; (c) needle holds its position relative to the tissue; and
(d) needle retreats from the tissue.
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calculation efficient. Although there are various
modeling methods available, the accuracy as well
as stability of those method still needs to be
improved [149].
Experiments have shown that an increase in speed
decreases the cutting force and tissue displacement
[150–153]. Also, the axial needle rotation affects the
penetration force and friction [154–157]. Rotational
movement can reduce tissue displacement and friction
before puncture. Since biological tissues are generally
non-uniform and anisotropic, their mechanical properties depend on position and direction respectively
[158, 159]. Therefore, the position and direction of the
insertion are particularly important. Other influence
factors on the penetration force have also been
investigated including needle tip geometry [160, 161],
materials (artificial materials [162, 163], bovine tissue
[164–166], pig tissue [167], human tissue [168], etc.),
surface texture [169], surface modification [170], and
vibration [171].
8.2.2

Endoscope–tissue interaction

An endoscopy is conducted by penetrating the
endoscopic lens into the body, and then use other
surgical instruments and camera display systems to
perform operations outside the body. Compared with
traditional surgical operations, the functional minimally
invasive surgical techniques of medical endoscopes
have been widely accepted by doctors and patients due
to their advantages such as less pain, short recovery
time. During surgical operations, instruments usually
need to pass through the mouth, esophagus, or anus
to reach the target position. In the process of endoscopic
intervention, inspection, and surgery, the instrument
may cause certain compression, stretching, and friction
damage to the tissue surface, which not only brings
great pain to the patient but also causes a series of
complicated diseases. Therefore, the research on the
tribological properties of the interface is particularly
important. The current research methods mainly include
finite element analysis and in vitro experimental
methods [172, 173]. The digestive tract and the
endoscope are usually simplified into a twodimensional axisymmetric structure in finite element
models. The digestive tract is often set as a viscoelastic
deformable pipe, and the endoscope is set as a smooth
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rigid cylinder. The boundary condition is set to be
fixed at both ends. Then, the rigid body slides on the
surface of the digestive tract at a certain speed to
simulate the relationship between friction and stress
distribution in the digestive tract [174]. The in vitro
experiment method can be subdivided into two types,
the in-tube sliding experiment, and the open sliding
experiment, as shown in Fig. 13. Goldbart et al. [175,
176] demonstrated that the addition of small amounts
of MoS2 nanoparticles improved the performance of a
commercial lubrication gel, reduced the metal–urethra
interaction, and alleviated the potential damage to
the epithelial tissue. Thiong’o et al. [177] found that the
perforations could not be related to shunt catheter
stiffness but may be related to greater frictional forces
associated with chronic contact of the distal catheter
with the intestine.
Researchers have studied the effects of mucus on
the interface between the device and the digestive
tract. Tribological properties of esophageal tissues
with or without trypsin treatment were studied by
Li et al. [178]. They found that the mucin can play a
lubrication role at the gastroscope device–esophagus
interface. However, since the digestive tract was in a
straightened state during the experiment, the peristaltic
function of the digestive tract was lost after the in vitro
experiment, and the open sliding experiment would
also destroy the inner surface of the digestive tract.
8.2.3 Grasper–tissue interaction
The grasping forceps are matched with the laparoscope,

Fig. 13 Schematic of the experimental set-up for the friction at
the endoscopy-tissue interface. (a) In-tube sliding experiment and
(b) open sliding experiment.

which is used for clamping, traction, and fixation of
tissues during abdominal surgery in clinical practice.
Ideal laparoscopic forceps can grasp tissue stability
without damaging the tissue due to excessive grip force.
However, because of the small size of laparoscopic
instruments, it is easy to produce penetrating stress.
About 2%–4% risk of injury to the tissues, such as
the bile duct, bowel, vascular structures, is reported
during a laparoscopic procedure [179]. Excessive
magnitudes of compressive stress exerted on
gastrointestinal tissues can lead to pathological scar
tissue or adhesion formation, bleeding, inflammation,
or even death from bowel perforation and sepsis.
This facilitates the optimization of the jaws of the
laparoscopic grasper to minimize tissue trauma and
maximize grasping force [180].
Usually, the gripper is made of stainless steel, which
can be toothed or toothless, or has patterns such
as corrugations. High pressures were found to be
generated at the tip of laparoscopic graspers, which
can be reduced by rounding the edge of the jaw [181].
The laparoscopic graspers modified by refashioning
the tip out of silicone (Fig. 14) can reduce the peak tip
pressures, particularly at high-load orientations [182].
Vascular clamps showed that force was greater at the
proximal end of the clamps, and externally applied
handheld clamps showed greater force than internally
applied bulldog clamps [183]. Although the improved
grasper tips have not been well applied in clinical
practice, the above-mentioned research has taken
an important step in optimizing the contour of the
grasper tip.
Different aspects of instrument jaw geometry have
also been investigated. Laparoscopic graspers used

Fig. 14 Two laparoscopic graspers, one of which has been
modified to have a compliant edge of silicone. Reproduced
with permission from Ref. [182], © Wiley-Blackwell Publishing
Ltd 2002.
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for manipulating delicate tissue generally possess jaws
with fenestrations. However, a fenestration in the jaws
increases the local pressures on the tissue because
of the reduction of the contact area between jaws and
tissue. Fenestrations in the jaws decrease the safe
working range of the forceps [184]. Three aspects
of jaw geometry including fenestrations, the ratio of
the contact surface to fenestration area, and surface
profiling had been investigated by Brown et al. [185].
A smooth wave pattern reduced tissue damage, and
less tissue damage was minimized with an increasing
radius of curvature [186]. Comparing with conventional
rigid graspers, soft graspers based on morphing jaws
can increase the contact area, thereby reducing the
local pressure [187].
8.3 Challenges and future work
Existing investigations facilitate the current understanding of the needle–tissue interaction. However,
many issues remain to be investigated. A comprehensive
analysis of the influencing factors has not yet been
conducted. Finite element analysis usually has
certain assumptions. Its boundary conditions may be
oversimplified. Thus, it may be difficult to simulate
the peristalsis and bending of the digestive tract. Besides,
most research ignores the influence of liquids such
as mucus components or physiological saline on the
interaction. The combined effect of multiple factors
needs to be continually studied.
The performance of the grasper depends not only
on the characteristics of the grasping jaws but also
on the force applied by the surgeon. Precise force
detection and force feedback technology help to achieve
precise grasping force control, which can improve
surgical performance and improve surgical quality.
Although many researchers have developed several
innovative grasping instruments providing haptic
feedback of grasping force [188–192], how to obtain and
reconstruct force information, and force feedback
technology is still a research hotspot.

9

Summary

Although great advances have been achieved in the
research of bio-tribology of medical devices, there are
still issues that need further development. Due to the
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special application condition, the safety issue is always
the most important consideration of medical devices.
Although the bio-tribological behavior is observed at
the interface, the dynamics effects are often coupled
with tribological interactions. The in vivo loading and
operating condition of a tribological pair is determined
by the bio-system of the human body and its activities.
Thus, systematic consideration is especially important.
However, the human body and its natural tissue are
alive, and it is often difficult to observe the dynamic
interaction of natural alive tissue–device interface.
The computational approach thus might be proposed
to facilitate investigations and simulations of the in
vivo behavior of medical devices. Besides, each patient
is different from the others. Surgeon and patientspecific factors are also important in terms of the
biomechanical environment. For example, height,
gender, and bone quality are important considerations
for joint replacement. Thus, personalization-related
tribological issues are important for the design of
medical devices. Developing new materials and surface
modification have been widely considered to improve
the tribological property, and are proven to be effective.
However, tribological behavior is the combined result
of the contacting surfaces. Thus, further approaches
may consider improving tribological performance
by precisely tuning the suitability of the contacting
surfaces.
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